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Kinematic Mapping of 3D Fault Planes in Southern California

Craig Nicholson

Abstract

Accurate assessment of the seismic hazard in southern California requires an accurate and
complete description of the active faults in three dimensions. Dynamic rupture behavior, fault
segmentation, and the interaction between faults all depend on the location, orientation,
geometry, and sense of slip of these 3D fault surfaces. Several groups have now produced
improved catalogs of the relocated earthquake activity in southern California. These catalogs
comprise over 300,000 earthquake hypocenters since 1988, and over 200,000 well-determined
earthquake focal mechanisms. Although many of these earthquakes do occur along mapped
surface traces of major faults, many still do not. These extensive catalogs need to carefully
examined and analyzed, not only for the accuracy and resolution of the earthquake hypocenters,
but also for kinematic consistency of the spatial pattern of fault slip and the orientation of 3D
fault surfaces at seismogenic depths.

The San Andreas fault system in southern California has a high probability of generating a
major damaging earthquake. How big, when and where such an event will be generated appears
to largely depend on subtle, second-order variations in stress, strength and fault geometry, such
as fault bends, offsets, changes in fault dip, or other fault discontinuities that control fault
segmentation and rupture behavior. Rupture along major through-going faults in southern
California thus appears to be strongly affected by local fault geometry and velocity structure, as
well as the sense of slip and relative orientation of secondary structures, such as left-lateral
conjugate cross faults, tear faults, and low-angle basal detachments. Identification of these
features, especially at seismogenic depths, often depends on careful kinematic analysis of the
earthquake hypocenters and focal mechanisms in both space and time.

For this project, owing to limitations in funding, the seismicity patterns in and around the
Santa Barbara-Ventura area were investigated to help identify and map active subsurface fault
surfaces in 3D, and to improve our understanding of the regional tectonic framework controlling
contemporary crustal deformation in southern California. This area includes various strands of
the North Channel, Pitas Point, Red Mountain, Arroyo Parida, and Santa Ynez faults. Detailed
kinematic analysis of accurate relocated earthquake hypocenters and focal mechanisms were
used to resolve 3D fault planes and patterns of strain accommodation. Where available, other sets
of geologic and geophysical data, including topography, gravity, geologic mapping, seismic
reflection and subsurface well data were also used. The results suggest that several of these
major fault strands, both onshore and offshore of southern California, merge at depth to form a
single active North Channel-Pitas Point—-Red Mountain fault system. In addition, the 3D
geometry and slip on these active subsurface faults often exhibit strain partitioning on both high-
and low-angle structures as contemporary plate motion is accommodated on combinations of
reactivated, inherited tectonic features, and newer faults that form as the fault system evolves
with time.



Introduction

Accurate assessment of the seismic hazard in southern California requires accurate and
complete 3D fault maps. Many aspects of seismic hazard are controlled by the location,
geometry, and style of active faults. In southern California, these structures include both
relatively high-angle strike-slip and oblique-slip faults—many of which intersect and are mapped
at the surface, as well as low-to-moderate-angle faults, some of which are blind and are difficult
to identify. The 1994 M6.7 Northridge earthquake was one such blind fault that produced over
$40 billion in damage. This earthquake has been often characterized as occurring on a
"previously undiscovered" fault. The fault responsible for the 1994 earthquake was, however,
seismically active in the years prior to the earthquake [Seeber et al., 2001] and such south-
dipping faults had been previously identified in this area based on subsurface well data [e.g.,
Hopps et al., 1992; Yeats et al., 1994; Yeats and Huftile, 1995]. Because of this recognized need,
several agencies, including the Southern California Earthquake Center (SCEC) and the US
Geological Survey RELM project, have targeted the identification and mapping in 3D of active
faults in southern California as one of their primary scientific objectives.

Recently, several groups have developed improved catalogs of the earthquake activity in
southern California (Fig.1) [e.g., Seeber and Armbruster, 1995; Hauksson, 2000; Richards-
Dinger and Shearer, 2000]. These catalogs comprise over 300,000 earthquake hypocenters
since 1988 and over 200,000 well-determined earthquake focal mechanisms. Although many
of the earthquakes do occur along mapped surface traces of major faults, many still do not.
These extensive earthquake catalogs need to be carefully examined and analyzed —not only for
the accuracy and resolution of the earthquake hypocenters [e.g., Richards-Dinger and
Ellsworth, 2001]—but also for the spatial pattern of fault slip and the orientation of 3D fault
surfaces. Rupture along major through-going faults in southern California appears to be
strongly affected by local fault geometry and velocity structure, as well as the sense of slip and
relative orientation of secondary structures, such as left-lateral conjugate faults, tear faults, and
basal detachments [Nicholson et al., 1986; Nicholson and Lees, 1992; Lees and Nicholson,
1993; Seeber and Armbruster, 1995; Nicholson, 1996; Seeber et al., 2001]. Identification of
these features, especially at seismogenic depths, often depends on careful kinematic analysis of
the relocated earthquake hypocenters and focal mechanisms in both space and time.

To address these issues and as a prototype for a more regionally extensive program, a
systematic study of the seismicity in one particular area of southern California was
conducted to map active subsurface fault planes in 3D, and to help develop a usable,
accessible 3D database of these mapped subsurface structures. Active subsurface faults in
and around the Santa Barbara—Ventura area along and within the western Transverse Ranges
were investigated. This area included major active strands of the North Channel, Pitas Point,
Red Mountain, Arroyo Parida, and Santa Ynez faults. The project largely consisted of detailed
kinematic analysis of accurate earthquake hypocenters and focal mechanisms to resolve 3D fault
planes and patterns of strain accommodation. Where available, other sets of geologic and
geophysical data, including surface topography, gravity, geologic mapping, and subsurface well
and seismic reflection data were also used. The results were then incorporated into the on-going
development of the SCEC digital 3D Community Fault Model (CFM) of subsurface structure for
southern California [Plesch et al., 2003] available at: http://structure.harvard.edu/cfm/.

The primary datasets used in the analysis were existing catalogs of relocated earthquake
hypocenters and focal mechanisms. Figure 1 shows a map view of over 310,000 of these
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Figure 1. Over 310,000 relocated earthquake epicenters (1988-1999) using a 3D velocity
model for southern California [Hauksson, 2000] (black dots) superimposed on top of

another set of relocated events based on source specific station terms [Richards-Dinger
and Shearer, 2000] color coded by year of occurrence.



relocated hypocenters using a 3D velocity model [Hauksson, 2000] as well as a similar set of
relocated events based on source specific station terms [Richards-Dinger and Shearer, 2000].
These results, in combination with available earthquake focal mechanisms, can be analyzed for
spatial alignments of hypocenters and focal mechanism nodal planes in space and time (i.e., 4D).

This kinematic technique of using the spatial and temporal distribution of earthquake
hypocenters and focal mechanisms to define the geometry and slip of active subsurface faults has
proven to be very effective in southern California [Nicholson et al., 1986; Nicholson and Seeber,
1989; Seeber and Armbruster, 1995; Seeber et al., 2001]. The power of this technique lies in the
internal consistency between two completely independent datasets: (1) the spatial distribution of
the earthquake hypocenters in 3D defined by earthquake travel-times, and (2) the kinematic
compatibility of the orientation and sense of slip in 3D along individual nodal planes defined by
earthquake focal mechanisms. Examination of the earthquake hypocenters alone is not sufficient.
This is because questions and uncertainties can arise when well-defined planar features defined
by seismicity are inconsistent with the available focal mechanism or first-motion data [Shearer,
1998]. In this latter case, other geologic (and possibly non-elastic) processes, such as basin
sediment compaction, may be playing an important role in controlling the observed seismic
deformation [Nicholson et al., 2000].

This process of using large numbers of microearthquake hypocenters and focal mechanisms
to identify and define active subsurface faults is most effective when the seismicity data can be
combined with other geologic and geophysical data, and the kinematic analysis can be done in 4
dimensions. At UCSB, we have been working to improve the 3D visualization and analytical
tools needed to carefully study such integrated datasets in both space and time [Nicholson and
Lees, 1994a; Lees, 1995; Green, 1998]. These computer analysis and visualization tools are both
UNIX-based and web-based programs. One such tool is Xmap8. Xmap8 (now called Geotouch)
is an interactive UNIX-based computer program for 3D GIS, developed by Jonathan Lees
(http://www.unc.edu/~leesj/Geotouch/), in collaboration with people at UCSB [Nicholson and
Lees, 1994a; Lees, 1995]. This program was specifically designed to input large numbers of
relocated earthquake hypocenters and focal mechanisms (e.g., Fig.2) [Nicholson and Lees,
1994b], analyze and visualize these data in 3D (i.e., from all directions including map and cross
section), select individual nodal planes that are kinematically compatible with hypocentral
alignments, and output the resulting selected events to help define 3D fault surfaces.

Figure 2 shows how this procedure works. On the left are focal mechanisms from the 1992
M6.1 Joshua Tree sequence. Individual fault surfaces are hard to distinguish in this plot. On the
right, only single nodal planes of individual focal mechanisms are shown. These nodal planes
were chosen as representing individual fault slip surfaces (as opposed to the auxiliary plane)
based on the predominant orientation and kinematic alignment of the events in both space and
time. This plot shows an unusual and complex fracture network involving predominantly north-
south-trending right-lateral faults (involved in the main shock rupture), and ENE-trending left-
lateral secondary structures, some of which also exhibit normal slip [Nicholson and Lees, 1994].
By carefully identifying and mapping such complex fracture networks, the seismic hazard and
behavior of such complex fault systems can then be better defined and understood.

Results

The purpose of this project is to identify and map in 3D active subsurface faults based
primarily on the kinematic alignment of earthquake nodal planes and the consistency of slip and
the pattern of seismic strain in space and time rather than just the distribution of earthquake
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hypocenters. Only relocated earthquakes were used (e.g, Fig.1). This is particularly important in
dealing with earthquakes in Southern California owing to the large observed variations in crustal
seismic velocities. To demonstrate the value and validity of this technique, Figure 3 shows a
map and vertical cross section of the 1986 M6 North Palm Springs earthquake sequence located
along the Banning strand of the San Andreas fault in the northern Coachella Valley [Nicholson,
1996]. The hypocenters were part of a detailed, joint relocation and 3D tomographic velocity
inversion [Nicholson and Lees, 1992]. Kinematic analysis of the relocated hypocenters and focal
mechanisms show a consistent pattern of right-lateral to right-oblique reverse slip on the main
shock fault plane that dips northeast at 45° to 50°. Secondary structures, including the near-
vertical, left-lateral Morongo Valley fault (MVF) and a low-angle detachment surface were also
active as part of this sequence and identified by the kinematic analysis (Fig.3).

These secondary structures, although releasing little seismic moment themselves are,
nonetheless, critically important. Such high-angle cross faults and low-angle detachments appear
to strongly control dynamic slip during main shock ruptures [e.g., Nicholson et al., 1986; Hudnut
et al., 1989; Nicholson and Seeber, 1989; Nicholson, 1996; Seeber et al., 2001] and provide a
mechanism for mechanically layering the seismogenic crust [Webb and Kanamori, 1985,
Nicholson et al.,1986; Fuis et al., 2001]. The pattern of strain accommodation (and focal
mechanisms) may thus change above and below such mid-crustal detachment surfaces. In fact,
microearthquakes above and below a depth of about 12 km in San Gorgonio Pass do seem to
exhibit such a change in spatial distribution and focal mechanism behavior, consistent with the
depth of the detachment identified in Figure 3 [Nicholson et al., 1986; Nicholson, 1996].

Active Faults Beneath the Western Transverse Ranges

For earthquakes in the Santa Barbara—Ventura study area, kinematic analysis of hypocenters
and focal mechanisms also shows a consistent pattern of surface and subsurface deformation
(Fig.4). Relocated earthquake hypocenters and revised focal mechanisms—derived from an
improved velocity model that accounts for the low-velocity sediments in the Ventura basin—
were used to define a set of low-to-moderately north-dipping structures, including the Pitas Point
(PPF) and Red Mountain faults (RMF). Focal mechanisms were consistent with reverse to
slightly oblique reverse slip on these surfaces. In addition, two steeply south-dipping structures
with the geometry of 'back-thrusts' were identified that would coincide with the Arroyo Parida
(APF) and Santa Ynez faults (SYF). These latter, typically more steeply dipping structures
currently exhibit predominantly left-lateral slip as shown by more recent geologic fault offsets
and focal mechanism solutions [Dibblee, 1986, 2002; O’Connell, 1995; Nicholson and
Kamerling, 1998; Keller and Gurrola, 2000]. More recent well-located earthquake hypocenters
and focal mechanisms continue to define this same subsurface pattern of fault geometry and slip.

All these faults defined at depth by planar zones of seismicity coincided with mapped traces
of the faults based either on surface geology [e.g., Dibblee, 2002], subsurface well data [e.g.,
Hopps et al., 1992; Redin et al., 1998] or near-surface imaging in industry multichannel seismic
(MCS) reflection data. Figure 5 shows an example of these MCS data collected just offshore
across the Red Mountain fault. The data clearly show offset and deformed strata consistent with
the south and north strands of the Red Mountain fault. The data also show folding of footwall
sediments, indicating the presence of additional active south-verging thrust faults propagating
farther south out into the basin, such as the Pitas Point fault (PPF) shown in Figure 4.

What is most interesting, in addition to the four major known faults discussed above, was the
discovery of yet another active structure in the footwall of the Santa Ynez fault. In 1996, a
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Figure 3. Map and cross section of the 1986 M6 North Palm Springs sequence showing
the activation of both high-angle and low-angle structures to accommodate oblique slip.
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Figure 4. Map and vertical cross sections of relocated seismicity (1994-1996) and the 1996
M4.6 Ojai sequence. Upper- (map) and front- (cross section) hemisphere projection focal
mechanisms of the Ojai events and interpretations of active subsurface faults are shown.
Earthquakes define three major faults in the hanging-wall of the Red Mountain fault
(RMF): Arroyo Parida fault (APF); Santa Ynez fault (SYF); and a curviplanar fault whose
surface trace projection would also correspond with the SYF. We call this the Ancestral
Santa Ynez fault (ASYF). In the footwall of the RME, seismicity also appears to define a
south-verging Pitas Point fault (PPF) beneath Ventura Avenue Anticline that intersects
and merges with the RMF at a depth of about 9-10 km. This basic fault geometry is
observed farther west, based on well, seismicity and seismic reflection data.
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particular earthquake sequence occurred near Ojai, whose M4.6 main shock and aftershocks
defined a previously unsuspected non-planar fault extending to a depth of about 18 km (Fig.4).
The extrapolated surface trace of this fault would also coincide with the location of the Santa
Ynez fault. We call this deformed active feature the Ancestral Santa Ynez fault (ASYF). The
fault geometry defined by the earthquake hypocenters match the changing dip with depth of the
nodal planes in the individual focal mechanism solutions, enabling the complicated, curved 3D
geometry of this blind oblique-reverse fault to be determined with a high degree of confidence.
The existence of this previously unsuspected fault may explain why the dip of the Santa Ynez
fault at the surface is often mapped as south-dipping to the west and north-dipping to the east
[e.g., Dibblee, 1988; Hopps et al., 1992]. The western surface segment may be the traditional
Santa Ynez fault, while the trace mapped farther east may actually correspond to the Ancestral
Santa Ynez fault, which should be north-dipping at shallow depth as shown in Figure 4.

The important implications of these kinematic results based on seismicity are three fold:

(1) Deformation in the footwall of the Red Mountain fault, including the Ventura Avenue
Anticline, is predominantly associated with south-verging thrust faults, like the Pitas Point fault;

(2) All these structures, including the Pitas Point fault, Red Mountain fault, Arroyo Parida fault
(and its segments farther west—the Mission Ridge and Moore Ranch faults), as well as other
segments identified offshore like the North Channel, Rincon, Coal Oil Point and Lavigia faults,
all merge at depth to form a single active North Channel-Pitas Point—-Red Mountain fault system;

(3) This fault system accommodates left oblique reverse motion by strain partitioning of dip-slip
components onto predominantly low-to-moderate-angle north-dipping thrust faults (PPF, RMF)
and strike-slip components onto high-angle predominantly south-dipping left-slip faults (APF).

Integration of Subsurface Seismicity, Seismic Reflection and Well Data

Besides seismicity data, other geological and geophysical data can be used to help identify
and map in 3D various fault surfaces, including well and seismic reflection data, and previously
published structure maps and cross sections. These data can provide important independent
control on 3D fault geometry and other geologic reference surfaces [e.g., Wright, 1991; Hopps et
al., 1992; Yeats et al., 1994; Tsutsumi and Yeats, 1999; Shaw and Shearer, 1999]. This includes
using marine multichannel seismic reflection (MCS) data to map low- and high-angle faults
offshore southern California [Nicholson et al., 1996; 2004], and using seismic reflection and well
data to produce 3D structure contour maps of various stratigraphic (time) horizons and shallow
3D fault surfaces in the Santa Barbara Channel [Kamerling et al., 2003]. The MCS data shown
in Figure 5 provide information on both the location and geometry of the Red Mountain fault, as
well as the geometry of deformed stratigraphic reference horizons, such as the top Lower Pico
surface dated at about 1.8 Ma (yellow line) [Kamerling et al., 2001, 2003]. By using extensive
grids of such MCS data, and correlating the reflections with stratigraphy identified in coreholes
and wells, these stratigraphic reference horizons and fault surfaces can be mapped in 3D.

Figure 6 shows an oblique 3D view of some of the resulting mapped 3D surfaces for the
Santa Barbara area, together with surface topography and relocated earthquake hypocenters from
the 1978 MS5.9 Santa Barbara earthquake [Kamerling et al., 2003]. The strong correlation
between the earthquakes at depth and the fault surfaces and folding imaged by the MCS data
demonstrates the validity and capability of these integrated data sets to define the geometry of
active 3D fault surfaces to seismogenic depths.
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Figure 6. Cut-away oblique 3D view looking
east along northern Santa Barbara Channel.
Top Lower Pico horizon (yellow, ~1.8 Ma)
and segments of Pitas Point fault strand
(dark blue) mapped using seismic reflection
and subsurface well data are shown along
with relocated hypocenters of 1978 M5.9
Santa Barbara earthquake [Kamerling et al.,
2003].

Figure 7. Oblique 3D
view looking east of our
alternate representation
within SCEC Community
Fault Model (CFM) of
active North Channel-
Pitas Point-Red Mountain
fault system that is
internally consistent and
kinematically compatible.
North Channel, Pitas
Point, Red Mountain and
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segments now all merge
at depth to form a single
_ active fault system
g [Kamerling et al., 2003].
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More importantly, the 3D fault surfaces, deformed stratigraphic reference horizons and other
digital datasets can be input into 3D visualization and analysis programs, like gOcad and
UNFOLD for more detailed quantitative evaluation. For example, these programs allow the
quantitative restoration of deformed stratigraphic horizons in 3D to invert for finite strain fields,
fault slip, and subsurface fault geometry [Gratier et al., 1991, 1999; Thibaut et al., 1996;
Kamerling et al., 1998; Sorlien et al., 2000]. 3D map restoration of the folded and faulted top
Lower Pico horizon (yellow, Figs.5&6) indicates that the cumulative vertical strain across the
Pitas Point and North Channel fault strands since deposition amounts to nearly 3 km, with at
least an equal amount of vertical slip accommodated by various strands of the Red Mountain
fault [Kamerling et al., 2003]. This suggests that much of the measured geodetic strain rate
using GPS of about 6 mm/yr across this area [e.g., Larsen et al., 1993] may be localized at depth
on the master fault of the North Channel-Pitas Point—-Red Mountain fault system.

Development of a Combined, Integrated 3D Community Fault Model

Accurate description of the 3D geometry of active faults at depth is thus crucial to
understanding their behavior, evolution and seismic hazard. Several fault databases often
include only a digital map surface trace, and various strikes and dips at different points. To
infer fault geometry at depth, this requires one presumes that faults are planar and continue at
depth with constant dip. The geometry of the Ancestral Santa Ynez fault (ASYF) in Figure 4
shows that this is often not the case. Another example, based on seismicity, focal mechanisms,
gravity, and surface mapping, is the southern San Andreas fault, which defines a complicated
3D geometry as it exits the northern Coachella Valley and traverses San Gorgonio Pass
[Nicholson, 1996; Yule and Sieh, 2001]. The San Cayetano, Oak Ridge, Santa Susana, Red
Mountain, Cucamonga, and several other major active faults within the Transverse Ranges also
exhibit significant non-planar geometry [Yeats, 1981; Wright, 1991; Hopps et al., 1992; Yeats et
al., 1994; Kamerling et al., 2001; Nicholson et al., 2001]. This 3D geometry can significantly
affect dynamic earthquake ruptures, and thus the resulting estimates of inferred ground motion
and seismic hazard.

In addition to accurate fault geometry, the resulting set of 3D fault surfaces must be
internally consistent and kinematically compatible. Major faults that exhibit contemporaneous
fault offset or displacement can not mutually cross cut each other, or they quickly become
incompatible to accommodate further finite strain. Figure 7 shows an oblique 3D view looking
east of alternative representations of digital 3D fault surfaces provided by us to the SCEC 3D
Community Fault Model (CFM), together with relocated earthquake hypocenters [Hauksson,
2000], of the Santa Barbara—Ventura area. These are the faults which we feel provide a
mutually compatible fault set to accommodate regional crustal strain. Important characteristics
to note are: (1) a single, master south-verging North Channel-Pitas Point—-Red Mountain fault
system (red, blue, grey surfaces), which includes more steeply dipping fault strands, such as the
Arroyo Parida—Mission Ridge—Moore Range faults (purple surface), in its hanging wall; and (2)
a steeply south-dipping, non-planar Oak Ridge fault system that is continuous at depth between
its onshore and offshore segments. Left-lateral oblique reverse motion accommodated by the
North Channel-Pitas Point—-Red Mountain fault system is thus partitioned into predominantly
strike-slip motion on the steeply dipping hangingwall strands, such as the Arroyo Parida fault
(Fig.4), while vertical motions are accommodated by predominantly dip-slip motion on the low-
to-moderately north-dipping Red Mountain, North Channel and Pitas Point fault strands.
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Conclusions

Rupture along major through-going faults in southern California, such as the 1986 North
Palm Springs earthquake along the San Andreas fault (Fig.3) appears to be strongly affected by
local fault geometry, as well as the sense of slip and relative orientation of secondary structures,
such as left-lateral conjugate cross faults, tear faults, and low-angle basal detachments.
Identification of these features, especially at seismogenic depths, often depends on careful
kinematic analysis of the earthquake hypocenters and focal mechanisms in both space and time.

Careful evaluation of the seismicity patterns in and around the Santa Barbara-Ventura area of
the western Transverse Ranges were used to identify and map active subsurface fault surfaces in
3D, and to improve our understanding of the regional tectonic framework controlling
contemporary crustal deformation. This area includes various strands of the North Channel, Pitas
Point, Red Mountain, Arroyo Parida, and Santa Ynez faults. Detailed kinematic analysis of
accurate relocated earthquake hypocenters and focal mechanisms were used to resolve 3D fault
planes and patterns of strain accommodation. Where available, other sets of geologic and
geophysical data, including topography, gravity, geologic mapping, seismic reflection and
subsurface well data were also used. The results suggest that several of these major active fault
strands, both onshore and offshore of southern California, merge at depth to form a single North
Channel-Pitas Point—-Red Mountain fault system. In addition, the 3D geometry and slip on these
active subsurface faults is consistent with the partitioning of oblique crustal strain on sets of
high- and low-angle structures to accommodate oblique contemporary plate motion.

Data Availability

Digital representations of 3D fault surfaces for the Santa Barbara—Ventura area are available
from the SCEC 3D Community Fault Model website (http://structure.harvard.edu/cfm/).
Additional structure contour maps of specific stratigraphic reference horizons (Near-Top Pico,
Top Lower Pico, etc.) are available from http://www.crustal.ucsb.edu/projects/vbmrp.

Reports published

Kamerling, M.J., C.C. Sorlien, and C. Nicholson, 3D development of an active oblique fault
system, northern Santa Barbara Channel, California, Seismological Research Letters, v. 74,
n. 2, p. 248, 2003.

Nicholson, C., C.C. Sorlien and J.R Childs, Southern California Imaging Project (SCIP):
Archiving and using industry data to evaluate plate boundary deformation, Seismological
Research Letters, v.75, n.2, p.258, 2004.

Nicholson, C., C.C. Sorlien and J.R Childs, GENII: A developing consortium to archive and use
industry data to evaluate plate boundary structure, deformation and evolution, /6th Annual
IRIS Workshop, Tucson, AZ, 2004.

Non-technical Summary

Kinematic analysis of earthquake locations and directions of fault slip are used to define the
geometry of active subsurface faults in 3 dimensions and to better understand the regional pattern
of contemporary crustal strain. Earthquakes in the northern Coachella Valley reveal a complex
pattern of oblique-reverse slip on a moderately dipping Banning strand of the San Andreas fault,
interacting with secondary structures, including a high-angle left-slip cross fault and a low-angle
detachment to control fault slip. In the Santa Barbara—Ventura area, earthquake patterns reveal
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several major fault strands merging at depth to form a single south-verging North Channel-Pitas
Point—-Red Mountain fault system. This fault system accommodates oblique crustal strain
through partitioning of horizontal motions on predominantly strike-slip steeply south-dipping
faults (such as the Arroyo Parida fault strand) and vertical motions on predominantly low-to-
moderately north-dipping thrust faults, like the Red Mountain and Pitas Point fault strands.
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